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We employ a global optimization method to predict two-dimensional (2D) nanostructures 
through the particle swarm optimization (PSO) algorithm. By performing PSO 
simulations, we predict new stable structures of boron monolayer sheets for a wide 
range of boron concentrations. We present a new class of boron sheets, composed of 
triangular and hexagonal motifs, which are more likely to be the precursors of boron 
nanotubes. We describe a simple and clear picture of electronic bonding in boron sheets 
and highlight the importance of three-center bonding and its competition with two-center 
bonding, which can also explain the stability of recently discovered boron monolayer 
sheets. 
The graphene-based electronics is an intriguing prospective for replacing silicon 
for next-generation of transistors. Practical application of graphene based materials 
requests a band gap. We present results from first-principles density-function calculation 
1 
for semiconducting graphene based on nitrogen-seeded epitaxial graphene. A small 
fraction of covalently-bonded nitrogen leads to a band gap opening in epitaxial graphene 
and a transition from a semi metallic to a semiconducting state. The induced gap is shown 
to be attributed to the modification of the 1t conjugation of epitaxial graphene. The 
resulting nitrogen-seeded graphene opens a band gap about 0.8 eV, in good agreement 
with experimental observations. 
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The fifth element on the periodic table, boron, occupies an attractive intermediary 
position between metallic and nonmetal elements. Boron exists in a diverse of interesting 
and improper geometric configurations. All the various phases of pure boron crystals are 
built ofB\2 icosahedra but can have intricate structures linking these icosahedra to yield 
primitive unit cells [1-6]. The simplest phase, a rhombohedral boron, has 12 atoms per 
primitive cell [1-3]. There are approximately 106.67 atoms per primitive cell in the p 
rhombohedral boron structure [3,4]. The intricate bonding behavior is attributed to the 
fact that boron has an electron deficiency, therefore the boron crystals are stabilized by 
the interplay of two-center and three-center bonding [1,4]. 
Analogous to boron crystals, boron nanostructures also demonstrate versatile 
morphology. Small boron clusters tend to form buckled two-dimensional (2D) 
quasiplanar structures based on triangular motifs [7-15] and are aromatic in the same 
manner as carbon molecules [12,16]. Large boron clusters with more than 20 atoms 
prefer to roll up and form ring structures with surfaces composed of triangular motifs 
[15,17-19]. Based on theoretical studies on boron clusters with triangular structural 
motifs, researchers have predicted the endurance of one dimensional boron nanotubes 
[20-24]. Recently boron nanotubes were synthesized experimentally [25]. Since then, 
single-walled boron nanotubes have been investigated in theoretical works using the 
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buckled triangular sheet as the building block [26-30]. These works predicted that single-
walled boron nanotubes are metallic with large densities of states around their Fermi 
surfaces. The stability of such boron nanotubes depends on both diameter and chirality. 
The researchers have further shown that double-walled boron nanotubes based on the 
buckled triangular sheet are more stable than their single-walled counterpart and there are 
bonds forming between inner and outer walls [31]. 
Recently, stable boron clusters in the form of boron fullerenes were theoretically 
predicted [32]. These hollow spherical structures have surfaces composed of mixtures of 
pentagons, hexagons, and triangles. Structures of these boron fullerenes are closely 
related to those of carbon fullerenes. For instance, the Bso fullerene can be constructed 
from the C60 structure by filling all 20 hexagon faces with extra atoms. Separately, a large 
class of stable 2D boron sheets were found [33,34]. These boron sheets are made of 
hexagonal and triangular motifs. They are more stable than the buckled triangular sheet. 
The stability of these boron sheets is attributed to a balance between two-center bonding 
and three-center bonding [33]. These findings have spurred further research work: 
various boron fullerenes have been studied. General design rules to construct stable boron 
fullerenes and sheets were proposed [35-38]. Small-diameter single-walled boron 
nanotubes have been shown to be semiconducting due to surface buckling [34,39]. Metal-
doped boron fullerenes and nanotubes are suggested to be good candidates for hydrogen 
storage [40,41]. A route to construct stable metal boride nanostructures has been 
presented based on a self-doping picture for 2D boron sheets [38]. 
Graphene, a monolayer of x-conjugated carbon atoms arranged in a honeycomb 
network, has attracted a great deal of attention in recent years due to its potential 
applications in the fields of optoelectronics, sensors, and hydrogen storage [42-49]. The 
unique electrical properties of graphene indicate that it could be a viable successor for 
copper-based wiring in electronic devices. 
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One of the most effective ways to understand the properties of these materials is 
through investigating their electronic structures. One-electron approximations are 
employed in order to effectively calculate electronic energy dispersions. Bonding and 
antibonding states (1r and 1r *) correspond to valence and conduction bands, respectively. 
Conductive behaviors of materials depend on whether the conduction band minimum 
(CBM) and valence band maximum (VBM) overlap, which is analogous to the highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
of small organic molecules. If there is no band gap, the material behaves as a metal. 
When the band gap falls within a range of more than 0 e V to 3 e V, the material is referred 
as a semiconductor. Materials with band gaps higher than 3 e V are referred as an 
insulator. 
The properties of nanomaterials can be evaluated by first taking into account the 
spatial arrangements. Molecular modeling is utilized in order to better understand the 
nature of interactions. Of particular interest are the mechanisms of conductivity via 
charge transfer reactions, which determine the electronic properties necessary for 
significant electronics applications. 
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There are various levels of theory that are used in order to approximate structural 
and electronic properties. We employed classical molecular mechanics (MM) [50] and 
quantum mechanics (QM) [51] based on density functional theory (DFT) [52,53]. This 
approach involves geometrically optimizing structures as well as calculating their 
electronic properties. Generalized gradient approximation (GGA) [54] has several sets of 
hybrid exchange and correlation functionals, the most famous being B3LYP, which is a 
three parameter exchange-correlation functional that combines LDA, HF, GGA, and 
Becke methods. In this work, the exchange -correlation functional of Perdew-Burke-
Ernzerhof(PBE) [54,55,56] were used along with the incorporation of long-range 
dispersion corrections. In solving the one-electron Kohn-Sham equation, it is important to 
test the convergence within a basis set and k-points. 
The layout of the thesis goes as follows. Chapter 1 (the present Chapter) 
introduces the research topic. Chapter 2 describes calculation methods used in this work. 
Chapter 3 provides the methodology and the results related to the structural and 
electronic properties of the polymorphism of two-dimensional boron monolayer sheets. 
Chapter 4 discusses the structural and electronic properties of nitrogen-seeded epitaxial 
graphene. Finally, Chapter 5 presents conclusions and Future works. 
CHAPTER 2 
COMPUTATIONAL METHODS 
In this Chapter, we summarize the computational methods employed in the 
research projects. 
2.1 Particle Swarm Optimization 
Particle swarm optimization (PSO) is a stochastic global optimization method 
which is based on simulation of social behavior. As in genetic algorithms (GAs) and 
evolution strategies (ESs), PSO exploits a population of potential solutions to search for 
the configuration space. In GA and ES, there are no operators inspired by natural 
evolution. Instead of mutation, PSO relies on the exchange of information between 
individuals. Individuals are referred to as particles and the population is referred to as a 
swarm. In effect, each particle adjusts its trajectory towards its own previous best 
position and towards the best previous position attained by any member of its 
neighborhood. In the global variant of PSO, the whole swarm is considered as the 
neighborhood. Global sharing of information occurs and particles profit from the 
discoveries and previous experiences of all other companions during the search for 
promising regions of the landscape. To visualize the operation of the method, consider 
the case of the single-objective minimization case. Promising regions in this case possess 
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lower function values compared to others, visited previously. To date several variants of 
PSO have been proposed. 
Crystal structure analysis by particle swarm optimization (CALYPSO) is a 
powerful method for crystal structure prediction. CAL YPSO starts from "scratch" 
through a particle PSO algorithm within the evolutionary scheme. PSO technique is 
dramatically different from the genetic algorithm. It explicitly avoided the use of 
evolution operators (e.g., crossover and mutation). The approach is based on a highly 
efficient global minimization of free energy surfaces. The free energy surfaces merge 
total-energy calculations via PSO technique. The merge requires only chemical 
compositions for a given compound to predict stable or metastable structures at given 
external conditions (e.g., pressure). A particularly devised geometrical structure factor 
method allows the elimination of similar structures during structure evolution. It was 
implemented to enhance the structure search efficiency. The application of designing 
variable unit cell sizes technique has greatly reduced the computational cost. Moreover, 
the symmetry constraint imposed on the structure generation enables the realization of 
diverse structures. It leads to significantly reduced search space and optimization 
variables which speed up the global structural convergence. 
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The PSO algorithm has been successfully applied to the prediction of many 
known systems (e.g., elemental, binary and ternary compounds) with various chemical 
bonding environments (e.g., metallic, ionic, and covalent bonding). The remarkable 
success rate demonstrates the reliability of this methodology. That illustrates the great 
promise of PSO as a major technique for crystal structure determination. 
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2.2 Density Functional Theory 
Density functional theory (DFT) is an approach for the description of ground state 
properties of metals, semiconductors, and insulators. The success of DFT not only 
encompasses standard bulk materials, but also complex materials such as proteins and 
carbon nanotubes. The main idea ofDFT is to describe an interacting system offermions 
via its density and not its many-body wave function. N electrons in a solid obey the Pauli 
principle and repel each other via the Coulomb potential. This means that the basic 
variable of the system depends only on three, the spatial coordinates x, y, and z, rather 
than 3N degrees of freedom. 
Density functional theory has many applications in various fields such as 
geophysics, biomaterials, and nanomaterials [62]. DFT has been used to degenerate 
ground states, magnetic and electric susceptibilities, and even quantum Hall effects [63]. 
Although DFT has many applications, there are some failures of DFT which include the 
lack of explanations with van der Waals interactions, underestimated band gaps by local 
density approximation (LDA), general gradient approximation (GGA), and larger binding 
energies for local density approximation. The exchange-correlation potential is a 
functional derivative of the exchange correlation energy. This exchange correlation 
energy is with respect to the local density. For a homogeneous electron gas, the local 
density only depends on the density of the electron gas. In nonhomogeneous systems, the 
exchange correlation depends not only on the density at a certain location, but also on 
various locals close to this location [57]. LDA is the easiest way to describe the 
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exchange-correlation energy of an electronic system [61]. It is based on the assumption 
assuming that the exchange correlation energy per electron in homogeneous electron gas 
has the same density as an electron some distance away. In this approximation, is it 
assumed that there is an exact density at each point in a specific region. Each of these 
points has the same many-body response by the surrounding electrons. The exchange-
correlation energy can be integrated over the entire volume element. Although LDA 
works well for many systems with a valence charge density that varies slightly, it is much 
less accurate for systems with chemical bonds. Another assumption made by LDA is that 
the exchange-correlation energy functional is local. The parameterizations that exist for 
the exchange-correlation energy of the homogeneous electron gas have similar results in 
terms of energy [61, 58-59]. The LDA can be used to predict electron densities, atomic 
positions, and vibration frequencies among others [60]. Density functional theory can 
provide robust predictions for the electronic structure of various material systems and 
verify experimental results. 
CHAPTER 3 
POLYMORPHISM OF TWO-DIMENSIONAL BORON MONOLAYER SHEETS 
3.1 Introduction 
Among chemical elements, a small number of them demonstrate multiple forms 
of low-dimensional allotropic structures. The allotropes include quasi-OD cage 
molecules, quasi-ID nanotubes, and quasi-2D sheets. Carbon is an example, as three low-
dimensional allotropes, that includes OD fullerenes [64], ID carbon nanotubes [65], and 
2D graphene monolayer sheet [66], have been isolated in the laboratory. In fact, 
graphene, a monolayer of carbon with a honeycomb lattice structure, is an intriguing 
planar (i.e., unbuckled) sheet uncovered in nature. An emerging question is, are other 
elements in nature that may possess free-standing monolayer allotropes? Silicon, one of 
nearest-neighbors of carbon in the periodic table, cannot exhibit stand-alone unbuckled 
monolayer structure due to the tendency of forming sp3 -hybridized Si bonds. 
Experimental studies and ab initio calculations have shown that hollow cages of silicon 
are unstable, although small-sized cages can be stabilized by an endohedral metal atom or 
a metal cluster [67-70]. Likewise, single-walled silicon nanotube can be stabilized by an 
endohedral metal chain [71] or can be formed within a cylindrical nanopore [72]. 
Although a free-standing monolayer of silicon (e.g., silicene) is buckled, bilayer 
hexagonal silicon has been predicted to be flat and the planar structure metastable. 
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Furthennore, classical molecular dynamics simulation [73] suggests that a Si nanopore 
can be constructed in a stable fonn. 
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Boron is likely to be yet another element that possess multiple low-dimensional 
allotropes. Previous theoretical predictions by Boustani [74,75] suggested that small-
sized boron clusters exhibit quasi-planar structures, which were later confirmed 
experimentally by Wang, Boldyrev, and co-workers [76-80]. These studies have attracted 
growing interests in seeking novel nanostructures of boron [81-87]. Theoretical 
prediction [88,89] of the structural transition from quasi-planar to double-ring tubular 
structures for small-sized boron clusters was confinned by experiments [90-92]. 
However, boron cannot fonn graphene-like structures with a honeycomb 
hexagonal framework because of its electron deficiency. Computational studies suggest 
that extended boron sheets with partially filled hexagonal holes are stable. However, 
there has been no experimental evidence for such atom-thin boron nanostructures. 
Recently, Wang and co-workers found that the B36 is a highly stable quasiplanar boron 
cluster with a central hexagonal hole, providing the first experimental evidence that 
single-atom layer boron sheets with hexagonal vacancies are potentially viable [93]. 
Photoelectron spectroscopy of 8 36 reveals a relatively simple spectrum, suggesting a 
symmetric cluster. Global minimum searches for 8 36 lead to a quasi planar structure with 
a central hexagonal hole. Neutral B36 is the smallest boron cluster to have six fold 
symmetry and a perfect hexagonal vacancy, and it can be viewed as a potential basis for 
extended two-dimensional boron sheets. In this Chapter, we investigate the structural and 
electronic properties of various boron sheets. 
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3.2 Method 
The particle-swann optimization (PSO) method within the evolutionary 
algorithm, as implemented in CAL YPSO code [94] was used to search for low-energy 20 
boron monolayer sheets. This method successfully predicted new highly stable 20 
structures of boron-carbon sheets [95], as well as high-pressure phases of boron [96], ice, 
and oxygen [97,98]. In the present calculations, the population size is set to 50, and the 
number of generations is maintained to be 30. The required structure relaxations were 
performed using the PBE exchange-correlation functional, as implemented in VASP 5.2 
[99,100]. Unit cells containing boron atoms of 4,6,8, 10, 12, and 14, respectively, were 
considered. Cohesive energies of all the low-energy boron structures are computed using 
the CASTEP 6.0 program [101-105]. 
Cohesive energy data reported in this study are based on first-principle 
calculations within the framework of spin-polarized plane-wave density functional theory 
(OFT), implemented in CASTEP 6.0 program and in V ASP 5.2. The ultrasoft 
pseudopotentials [106] and the exchange-correlation functional in the form of Perdew-
Burke-Ernzerhof (PBE) [107] within the generalized gradient approximation (GGA) were 
selected for structural optimizations of all boron sheets. The plane-wave cutoff is set to 
500 eV. For geometric optimization, both lattice constants and positions of atoms were 
fully relaxed. Upon optimization, the forces on all atoms were less than 0.01 eV/A and 
the criterion for total energy convergence was 5.0 x 106 eV/atom. The vacuum distance 
over any boron sheet in the supercell was set to be 30 A. The Brilliouin zone was 
sampled using k-points with 0.02 A-I spacing in the Monkhorst-Pack scheme [108]. 
Table 3.1 Optimized lattice constants (a and b) of boron monolayer sheets using 
CASTEP 6.0 program (PBE). The periodic length of c is fixed as 30.oA. The a and P 
1 fh . ll'fi d 90° angle 0 t e umt ce IS xe at 
Boron sheet Hole density (1) a (A) b (A) 
t53 1/3 2.91 2.91 
t56 (buckled) 0 3.22 3.22 
XI 3/17 9.41 4.44 
a-D6h 1/9 5.05 5.05 
a-D3d (buckled) 1/9 5.04 5.04 
al 1/8 4.45 4.45 
a l1=1I1O 1/10 10.99 4.38 
PI 1/8 5.84 6.72 
PI1=117 117 10.26 5.07 
an=I I27-D 6h 1/27 8.84 8.84 
y 4/25 8.48 8.48 
an=1137 (B36) 1/37 10.26 10.26 
Table 3.1 summarizes the lattice parameters and the hole density (ll) of various 
optimized structures. The t53, t56 (buckled), a-D6h, a-D3d (buckled), at. a'1=II27-D6h, y, and 
a'1=1137 (B36) boron sheets have a rhombus primitive unit cell and the XI and P'1=117 boron 
sheets have a parallelogram primitive unit cell. The aq=I/IO and PI boron sheets have a 
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rectangle primitive unit cell. For the t53 and t56 (Buckled) boron sheets, boron atoms have 
a coordination number (CN) of3 and 6, respectively. All a-type boron sheets, boron 
atoms have CN of 5, 6. All p-type boron sheets, boron atoms have CN of 4,5,6. 
Relative stability and electronic band structures of top candidates of lowest-
energy boron sheets were further examined using a spin-polarized hybrid functional 
PBEO [109]. The PBEO functional combines PBE functional with a predefined amount of 
exact exchange. For PBEO calculation, the norm-conserving pseudopotential [110], was 
used and the plane-wave cutoff was set to be 489 eV. Because PBEO calculations are 
computationally demanding, compared to PBE calculation, only positions of all atoms 
were relaxed while the lattice constants of boron sheets were fixed to be those from the 
PBE calculation. The forces on all atoms were optimized to be less than 0.03 eV/A, and 
the criterion for total energy convergence was 1.0 x 10-5 e V latom. The Brilliouin zone 
was sampled using k-points with 0.05 A-I spacing in the Monkhorst-Pack scheme. For 
structural optimization of boron sheets, a semiempirical dispersion correction, 
represented by the Tkatchenko Scheffler (TS) scheme, was included to account for 
interlayer van der Waals interaction more accurately [111]. 
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~=1/1O ~'1= 1/7 y 
Figure 3.1 Top view of low energy structures of ai , PI , a-D3d. aT(=I/IO, PT(= II7, y, UT(= lm-D6h, 
~=lm-D3d and <53 boron monolayer sheets. Red and yellow balls represent boron atoms 
moving outward or inward from the plane in a-D3d and ~=lm-D3d boron sheets, resulting 
the buckled sheet. The shapes with white solid lines show the primitive unit cell. 
Shown in Figure 3.1 is the optimized structures of ai , PI , a-D3d. aT(= I/ IO, PT(= II7. y, 
UT(= lm-D6h, u~II27-D3d and <53 boron monolayer sheets. 
a-D3d dispersion 
correction incorporated 
in the calculation 
15 
Figure 3.2 Top and side view of a-D3d, a-D3d geometry optimized with dispersion 
correction, and a-D6h boron sheets, respectively. The shapes with white solid lines show 
the primitive unit cell. 
Figure 3.2 shows the top and side views of the optimized structures of a-D3d, without and 
with dispersion correction incorporated in the calculation in left and middle panels, 
respectively. For comparison, the right panel displays the flat structure (D6h symmetry). 
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Initial buckling of the a-D3d structure is 0.65 A. After applying the Tkatchenko-Scheffler 
(TS) scheme dispersion correction, buckling was reduced to 0.19 A. 
Figure 3.3 Top view ofB36 (all=ll37) highly stable quasiplanar boron cluster and possible 
boron sheet can be made from B36 (all=ll37) in the left and right panels, respectively. The 
rhombus shape white solid lines in the boron sheet, show the primitive unit cell. 
Recently discovered quasiplanar boron cluster with sixfold symmetry and a 
perfect hexagonal hole is shown in Figure 3.3. The periodic boron sheet based on the 
building block is shown on the right. 
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3.3 Results and Discussion 
Boron displays versatile chemical bonding when compared to carbon. Boron 
sheets, the possible 2D precursors of boron nanotubes, are composed of mixtures of 
triangular and hexagonal motifs. These sheet structures are stabilized through the balance 
between two-center bonding in the hexagonal regions and three-center bonding in the 
triangular regions [33]. Therefore, the stability of boron sheets depends strongly on the 
ratio of hexagons to triangles, which is described by a "hexagon hole density -ll" [33]. 
The II parameter is a global structural parameter to describe the area density of hexagon 
holes. 
A local structural parameter, referred to as the coordination number (eN) of 
boron atoms was used to classify boron monolayer sheets into various types, such as (i) 
a-type, eN = 5, 6; (ii) p-type, eN = 4, 5, 6; (iii) x-type, eN = 4, 5; (iv) '!'-type, eN = 3, 4, 
5; and (v) ~-type, with only a single value of eN. For example, a buckled triangular sheet 
has eN = 6, hence named as ~6-sheet; the graphene-like honeycomb sheet has eN = 3, 
hence named as ~3-sheet (Figure 3.1). In Table 3.2, we show the calculated cohesive 
energies per atom Ec (PBE) with and without TS dispersion correction, values of ll, 
number of boron atoms per unit cell n, for a-D3d and a-D6h boron monolayer sheets 
studied. 
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Table 3.2 Computed cohesive energy per atom, incorporate with and without Tkatchenko 
Scheffler (TS) scheme dispersion correction, 1'/ values and number of boron atoms per 
unit cell (n) for a-D3d and a-D6h boron monolayer sheets. 
Number GGA 
Structure 
of PBE+ TS PBE PBEO + TS PBEO 
" atoms Ec Ec Ec Ec (n) (eV/atom) (eV/atom) (eV/atom) (eV/atom) 
a-D3d 119 8 6.372 6.306 6.825 6.764 
a-D6h 1/9 8 6.369 6.303 6.818 6.758 
Calculated cohesive energy (Ec) for a-D3d and a-D6h boron monolayer sheets is 
shown in the Table 3.2 with the hole density (,,). 
-5~------~--~~----------~~--~------J 
r K M r K M r 
Figure 3.4 Calculated band structures in left and right panels for a-D6h and a-D3d boron 
sheets, respectively. r = (0, 0), K = (rrJ3a, 2rrJ3a), M = (0, rrJ2a), where a = 5.050 A for 
a-D6h and a = 5.046 A for a-D3d. The Fermi level is shifted to 0 eV (red dashed line). 
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Figure 3.4 shows the calculated band structures of the flat D6h and the buckled 
D3h structures in the left and right panels, respectively. As seen from Figure 3.4, the band 
structure of a-D6h is in a metallic state, while the D3d is in a semimetallic state as the 
touching is only at the band center (the r point). Upon closer inspection of the band 
structure, it shows that the buckling leads to profound changes of the conduction band. 
For the flat structure, the conduction band bends down in the proximity ofM point. By 
contrast, for D3d, the occupation of the conduction band is above of the Fermi level at the 
M point. The characteristic k-point for buckling is at M point. For instance, vibrational 
mode, D6h is unstable at M point with imaginary frequencies. This is also manifested in 
the band structure. 
a-Type. The boron atoms in a- type sheets (Figure 3.1) have CN of either 5 or 6, 
and the sheets generally have greater cohesive energies than t5-type and x-type sheets. It 
was shown that a-D6h sheet [1,112] has the greatest cohesive energy based on PBE 
calculation. New low energy a-type sheet; aIFI/IO having greater cohesive energy than "(-
sheets. 
After a structural relaxation, the flat a-D6h sheet becomes slightly buckled, which 
has a lower symmetry D3d. As shown in Table 3.2, a-D3d sheet has a greater cohesive 
energy than a-D6h based on PBE and PBEO calculations. In the a-D3d sheet, every two 
adjacent boron atoms with CN = 6 move inward and outward from the plane (Figure 3.2). 
Due to the weak buckling, the lattice constants a and b of the a-D3d sheet (5.046 and 
5.044 A) are slightly smaller than those of a-D6h sheet (5.050 and 5.050 A). The a-D6h 
sheet has received much attention. Not only because it represents for the best candidate 
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for the lowest-energy boron monolayer sheet, but also because its structure is closely 
related to the boron buckyball Bso [81-85]. It is noteworthy that the calculated band 
structure based on PBE functional suggests that a-D6h and a-D3d sheets are metallic 
(Figure 3.4). However the hybrid PBEO calculation suggests that both a-D6h and a-D3d 
sheets are semiconductors with an indirect band gap of 1.40 and 1.1 e V, respectively 
[113]. 
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Figure 3.5 Calculated band structures in the left and right panels for al and PI boron 
sheets, respectively. r = (0, 0), M = (0, nl2a), B = (nl2a, 0), and D = (1t/2a, nl2a), where 
a = 4.457 A for al and a = 5.845 A for PI. The Fermi level is shifted to 0 eV (red dashed 
line). 
Calculated electronic band structures for al and PI boron sheets based on PBE 
functional are shown in the left and right panels of Figure 3.5, respectively. As seen from 
the left panel of the Figure 3.5, al boron sheet is metallic and planar. The PI sheet is 
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Figure 3.6 Calculated band structures in the left and right panels for a'1= IIlO and fJ'1=I17 
boron monolayer structures, respectively. r = (0,0,0), B = (-rr12a, 0, 0), D = (-1ri2a, 0, 
nl2a), and Z = (0, 0, nl2a), where a = 10.991 A for a'1= 1110 and a = 10.265 A for fJ'1=I17. 
The Fermi level is shifted to ° eV (red dashed line). 
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Figure 3.6 shows the calculated band structures of a'1=I/IO and fJ'1=I17 boron sheets 
based on PBE functional, in the left and right panels, respectively. As seen from the band 
structures, both ~=I/IO and fJ'1=I17 boron sheets are metallic. 
There has been no experimental evidence for the viability the proposed planar 
boron sheets. Joint experimental and computational studies over the past decade have 
shown that boron clusters are planar or quasiplanar at large sizes [76, 90, 114-122], in 
contrast to bulk boron where three-dimensional (3D) cages are prevalent. Boron clusters 
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with a triangular lattice have invariably been found to exhibit out-of-plane distortions 
[76,90, 115-118, 120-122]. Tetragonal or pentagonal defects are often found in truly 
planar boron clusters up to 23 atoms [76, 118-121]. 
p-Type. The boron atoms inp-type sheets (Figure 3.1) have CN of 4,5, and 6. As 
a result, richer structures of p-type sheets are obtained than of the a-, X-, and a-D6h type 
sheets. The first (and original) p-sheet was reported by Tang and Ismail- Beigi [1,112]. 
Extensive structural search yields new low-energy p-type sheet, having greater cohesive 
energies than both PI and 'Y-sheets as shown in Table 3.3. In Figure 3.1, the lowest energy 
p-sheets, named PI. and P'1=117 sheets, are plotted. 
The cohesive energy of a boron sheet is defined as, 
He = H(B atom) - H(boron sheet)/n, 
where E(boron sheet) and E(R atom) are the total energy of the boron sheet per unit cell 
and a single B atom, respectively; n is the number of boron atoms in the unit cell. 
Table 3.3 Computed cohesive energy per atom, incorporate with and without Tkatchenko 
Scheffler (TS) scheme dispersion correction, '1 values and number of boron atoms per 
unit cell (n) for a'1=1I10, at. PI, y, P'1=II7, a..q..I/27-D3d and rLrt=I/27-D6h boron monolayer 
sheets. 
Hole Number PBE+TS PBE 
Structure Density of atoms 
(11) (n) Ec (eV/atom) Ec (eV/atom) 
a'1=1I10 1110 18 6.3544 6.2878 
al 118 7 6.3988 6.3338 
PI 118 14 6.3838 6.3196 
y 4/25 18 6.2441 6.1971 
P'1=117 117 18 6.3854 6.3210 
rLrt=I/27-D3d 1127 26 6.2372 6.1652 
rLrt=I/27-D6h 1127 26 6.1831 6.1125 
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3.4 Conclusion 
We have perfonned PSO algorithm calculations combined with first-principles-
based global research on lowest-energy structures of2D boron sheets. Our search yields 
two stable boron monolayer sheets, namely, a'1=IIlO sheet and P'1=117 sheet with a value of 1') 
= 1110 and 1') = 117, respectively. We utilize the PBEO hybrid density functional since this 
functionality has been proven to yield more accurate, cohesive energies and qualitatively 
correct band structure for nonmetallic bulk materials than the conventional GGAIPBE 
functional [123,124]. The unit cells of new boron sheets are composed of hexagonal 
triangular motifs. 
The a'1=I/IO sheet and P'1=117 sheet, as well as the al sheet and PI sheet reported by 
Zeng and co-workers, are all leading candidates for the lowest-energy structures and all 
are predicted to be metallic. The boron monolayer sheets, regardless of geometric 
structures, are poised to find a purpose as a specialized electrode in batteries or as lithium 
storage. This is because boron nanostructures are known to bind lithium stronger, 
compared to the carbon counterparts. 
CHAPTER 4 
NITROGEN-SEEDED EPITAXIAL GRAPHENE 
4.1 Introduction 
Graphene has attracted a great deal of attention because of the properties 
associated with the two-dimensional crystal structure formed of sp2 hybridized carbon. 
Intensive studies about graphene have demonstrated great promise for applications in 
electronics, sensors, batteries, supercapacitors, and catalysts. The objective of developing 
all-carbon electronics calls for the capability of doping graphene and converting it from 
metallic to wide-gap semiconducting forms. While doping graphene by adsorbates or 
more elaborate chemical approaches has made great advancement [125-131], opening a 
band gap in graphene has been challenging. Two routes to wide-band gap 
semiconducting graphene have been established: electron confinement and chemical 
functionalization. Electron confmement in lithographically patterned narrow graphene 
ribbons has been hampered by lithographic limits and edge disorder [132-135]. However, 
recent results from sidewall grown graphene ribbon demonstrate promising progress that 
could lead to band-gaps larger than 0.6 eV [136,137]. Functionalized graphene band-gaps 
can be facilitated by imposing a periodic potential in the graphene lattice through ordered 
adsorption [138,139], or ordered impurities replacing carbon atoms [140] in graphene. 
Because of the gap less character of the graphene band characteristic, the future of 
graphene electronics depends on developing routes to engineer a band gap. 
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Graphene has attracted a great deal of attention due to its remarkable properties 
and promising potential applications. The effective application of graphene transistors, 
integrated circuits, and biosensors, require an improved understanding and control of the 
structural and electronic properties of graphene. Doping graphene with nitrogen, which is 
attributed to the stronger electronegativity of nitrogen compared to that of carbon, along 
with conjugation between the nitrogen lone pair electrons and the graphene x-system is 
effective in tuning its electronic property and chemical reactivity. This could create novel 
nanomaterials and expand its already widely explored potential applications. However, 
there is a paucity of studies in understanding ofN-doped graphene. 
A gap can be generated in epitaxial graphene grown on a substrate. Although the 
approach involving lattice-matched substrates are straightforward, combining it with 
electronic transport remains a challenging task. Another promising method for gap 
engineering relies on spatial confinement, such as patterning graphene into nanoribbons. 
The gap obtained by such a method can be tailored by varying the spatial width of 
graphene ribbons. However, the approaches relying on spatial confinement are prone to 
rough edges and defects. Moreover, although graphene nanoribbon field-effect transistors 
have been shown to exhibit excellent properties, mass production of graphene 
nanoribbon-based devices are beyond the capability of current lithography technology. 
Recently, there has also been a number of studies on generating a band gap in the gapless 
bilayer or trilayer graphene with a perpendicularly applied electric field. The symmetry of 
Bernal or ABC stacking can be lifted by asymmetric chemical doping or electrical gating, 
leading to a gap opening. 
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A wealth of approaches has been developed for noncovalently and covalently 
functionalized graphene. Graphene contains a paucity of functional moieties and limited 
dispersibility in solvents, seriously hindering the realization of its great potential. As a 
result, developing chemical methods in order to tune the materials' properties has become 
one of the most challenging issues in exploring graphene technologies. Various chemical 
modification techniques have been shown to not only enhance its solubilities and process 
abilities, but also render suitable properties for graphene-based nanoelectronic and 
nanophotonic devices. For instance, the modification of graphene's electronic properties 
has been carried out by well-established chemical functionalization techniques. Groups 
such as H, OH, or F, bind covalently to carbon atoms, transforming the trigonal 
Sp2 orbital to the tetragonal Sp3 state. Such transformations drastically modify the local 
electronic properties. 
4.2 Method 
Our first-principles calculations were based on general gradient approximation 
(GGA) with the exchange correlation of Perdew-Burke-Emzerhof(PBE) parameterization 
and the many-body perturbation theory by means of the GW approximation. We 
employed the dispersion correction using the Tkatchenko-Scheffler (TS) scheme, which 
exploits the relationship between polarizability and volume. The TS dispersion correction 
takes into account the relative variation in dispersion coefficients of various atomic 
bonding by weighing values extracted from the high-quality ab initio database with 
atomic volumes derived from partitioning of the self-consistent electronic density. 
27 
To model the nitrogen-seeded bilayer graphene, we used twisted bilayer graphene 
intercalated with two nitrogen atoms. A super cell with a vacuum space of 17.5 A 
normal to the bilayer graphene plane was used. Nitrogen concentration of the model 
corresponds to 0.4 ML (- 4.52 x 1014 cm-2) of SiC. The optimization of atomic positions 
continued until the change in energy was less than 2 x 10-3 e V and the forces were less 
than 5 x 10-2 e V / A. Ultrasoft pseudopotentials and a kinetic energy cutoff of 500 e V were 
employed with Monkhorst-Pack meshes of 6 x 6 x 1. 
The generalized gradient approximation (GGA) of the density functional theory 
(DFT) is known to fail in describing electron-hole (e-h) and electron-electron (e-e) 
interactions. These are responsible for the formation of excitons and the quasiparticle 
excitations. In this regard, the GW-Bethe-Salpeter equation (GW-BSE) approach 
represents one of the state-of-the-art theories beyond DFT. The screened Coulomb 
interaction was calculated within the random-phase approximation (RP A) and the self-
energy was evaluated by the plasmon-pole approximation [141]. While RPA can be 
equivalent as the results of the DFT level, GW-RPA includes e-e interactions, and GW-
BSE goes beyond RP A by including e-e and e-h interactions. 
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Figure 4.1 Top (a) and side (b) views represent the optimized confinnation of a nitrogen-
seeded bilayer graphene with a twist angle of e = 21.8°, respectively. 
Shown in Figure 4.1 is the prototype system for N-seeded graphene bilayer. There 
are two nitrogen atoms connecting to the twisted bilayer graphene. Nitrogen has three 
bonds: two bonds are connected to one layer and one to the other of graphene. The 
corrugations of the top layer and the bottom layer are 0.46 A due to the N-intercalation. 
The calculated maximum and minimum layer distances are 3.7 A and 2.7 A, respectively. 
The bond lengths between carbon and nitrogen to the top and bottom layers are 1.5 and 
1.4 A, respectively. The bond lengths to bottom layer are shorter due to two bonds 
connectivity to nitrogen. 
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4.3 Results and Discussion 
Shown in Figure 4.1 are the top and side views of a nitrogen-seeded bilayer 
graphene. The confinnation was constructed from a twisted-bilayer graphene with an 
orientation angle of 9 = 21.8°. The twisted bilayer graphene is the smallest commensurate 
twisted structure of graphene. The twisted stacking substantially weakens the interlayer 
coupling. The corresponding band structure is characterized by degenerate linear 
dispersions reminiscent of monolayer graphene. The nitrogen atoms being intercalated 
between the layers mimick the nitrogen seeding effect observed experimentally. For 
maintaining the charge neutrality, a pair of nitrogen atoms was inserted simultaneously. 
The introduction of nitrogen atoms generates sp3 bond for the C-atoms. For each nitrogen 
atom, three bonds are introduced, linking the bilayers. 
Depicted in the Figure 4.2 are the calculated band structures (a) and (b) for twisted 
bilayer graphene in dash lines, along with nitrogen-seeded graphene in solid lines for 
comparison. It is observable that, after nitrogen-seeding, the 1f and 1f* linear dispersion of 
twisted bilayer graphene in the proximity of the Dirac point (K point) is substantially 
modified. It leads to open a band gap of -O.75eV. 
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Figure 4.2 Calculated band structure for the nitrogen-seeded bilayer graphene. Solid lines 
represent the results (a), (b), (c) and (d) with GGA, GW, GGA with 3% compression, and 
GGA with 3% tensile strain, respectively. Dashed lines refer to the results of a twisted 
bilayer graphene with an orientation angle ofe = 21.80 (a) and (b), and the results of the 
unconstrained conformation (c) and (d), respectively. r = (0,0) 1tIa, K = (-1tI3a, 21t13a), M 
= (0, 1tI2a), where a = 6.650 A for the unconstrained conformation. The Fermi level, 
highlighted by red line, is shifted to 0 e V. 
Shown in Figure 4.3 are charge densities of the corresponding hybridized bands 
at the band center (the r point). The graphene layer highlighted with dark green has two 
nitrogen atoms connected by single bonds. The other layer highlighted with orange has 
the nitrogen atoms connected by two single bonds. As seen from Figure 4.3, the "orange-
layer" and "green layer" has profound charge density for the valence band maximum 
(VBM) and conduction band minimum (CBM), respectively. This is to be contrasted with 
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the conjugated 1r and 1r* pattern on graphene, where the symmetry of the charge density is 
preserved. The charge density distributions also indicate the existence of q and q* bonds 
in the hybridized states that contribute to the gap formation. 
Figure 4.3 Extracted isosurfaces of near-gap states for the nitrogen-seeded bilayer 
graphene. The components of the wave function are colored with red and cyan, 
respectively. Isosurface value is 0.03 a.u. 
Summarized in Figure 4.4 is the calculated in-planes photoabsorption spectra 
using GW-BSE, along with those using RPA and GW-RPA for nitrogen-seeded epitaxial 
graphene. The optical absorption spectra can be divided into two regions. The low-energy 
region goes up to 5 eV, and is attributed to the transitions among the 7C and 7C* bands. In 
the region beyond 10 e V the spectra originate from the (T and (T* transitions. Calculated 
photoabsorption spectra in Figure 4.4 is in good conformity with the predictions of 
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bandgap opening 0.75eV in the calculated band structure in Figure 4.2. Specifically, a 
common spectroscopic attributes of the systems is the existence of a prominent 1T:-1T:* RP A 
peak at -0.63 eV. For GW-BSE, which compares with results of GW-RPA, are at -0.70 
and -0.82 eV, respectively. 
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Figure 4.4 Calculated photoabsorption spectra using GW-BSE (black solid lines), RPA 
(blue dashed lines), and GW-RPA (red dashed-double dotted lines) for nitrogen-seeded 
epitaxial graphene. Insets: closeups in the regions of 0-2 and 5-7 eV, respectively. 
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Figure 4.5 The calculated band structure of the bilayer graphene on top of the 4H-SiC 
represented by green dashed lines and nitrogen-seeded 4H-SiC with bilayer graphene 
represented by solid blue lines. Left and right panels represent the side view of bilayer 
graphene on top of the 4H-SiC and nitrogen-seeded 4H-SiC with bilayer graphene, 
respectively. r = (0,0) rt/a, K = (-rt/3a, 2rt/3a), M = (0, rt/2a), where a = 6.160 A. The 
Fermi level, highlighted by red line, is shifted to 0 eV. 
The right panel of Figure 4.5 shows the nitrogen-seeded 4H-SiC with bilayer 
graphene. The two nitrogen atoms are connected to C-face in 4H-SiC. The middle panel 
in Figure 4.5 shows the calculated band structure for bilayer graphene on top of the 4H-
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SiC and nitrogen-seeded 4H-SiC with bilayer graphene. As seen from the Figure 4.5, the 
bilayer graphene on top of 4H-SiC preserve the linear dispersion around the dirac point. 
However, in nitrogen-seeded 4H-SiC with bilayer graphene, there is a band gap opening 
at the K point, which validate the recent experimental results [142]. 
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4.4 Conclusion 
We have studied the electronic characteristics of nitrogen-seeded twisted bilayer 
graphene. Nitrogen preserves the sp2 hybridization network of the carbons on graphene. 
However, the 1t conjugation of graphene near the Fermi level is greatly disturbed by 
nitrogen insertion, which leads to the opening of a band gap dependent upon the addend 
concentration. This contrasts with the free-radical functionalization case where an sp3_ 
type band is induced close to the Fermi level. Such dependence of the electronic 
properties of the degree of functionalization of graphene suggests a novel and controllable 
method for the "band engineering" of graphene. Our findings on the nature of a nitrogen-
seeded-induced band gap provide useful guidelines for enabling the flexibility and 
optimization of graphene-based nanodevices. 
CHAPTER 5 
CONCLUSION AND FUTURE WORKS 
In this thesis, we have focused our investigations on two different systems. One is 
about the boron monolayer sheets and the other is nitrogen-seeded epitaxial graphene. 
For the fonner, we have demonstrated that the first-principle-based global research is 
successful on the lowest energy boron monolayer structures. The same method can be 
employed to seek highly stable structures of novel materials. For the monolayer boron 
sheets, we have studied the buckling behavior. Boron nanostructures can be used for 
some applications, such as specialized electrodes in batteries or as lithium storage. For 
the nitrogen-seeded epitaxial graphene, we have shown that nitrogen-seeding can be used 
to form an undulating graphene layer with a band gap -0.7 eV. Therefore, nitrogen-
seeded epitaxial graphene can be used for enabling the flexibility and optimization of 
graphene based nano devices. 
The DFT approach can be used for many systems, including nanostructures such 
as carbon nanotubes and nanoribbons. In the future, investigations of various chemical 
species differing from those discussed in this thesis will be useful. Studying the effects of 
electric bias and band gap tunability on a vast range of multilayer and chemically doped 
graphene systems will improve our understanding of the mechanisms by which these 
configurations affect electronic and structural properties. Experimentally validating 
calculation results based on theory will be useful to test the accuracy of our predictions. 
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